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ABSTRACT This paper presents the design, control, and experimental performance evaluation of a longstroke planar switched reluctance motor (PSRM) for positioning applications. Based on comprehensive
consideration of the electromagnetic and mechanical characteristics of the PSRM, a motor design is first
developed to reduce the force ripple and deformation. A control scheme with LuGre friction compensation
is then proposed to improve the positioning accuracy of the PSRM. Furthermore, this control scheme is
proven to ensure the stable motion of the PSRM system. Additionally, the response speed and steady-state
error of the PSRM system with this control scheme are theoretically analyzed. Finally, the experimental
results are presented and analyzed. The effectiveness of the precision long-stroke motion of the PSRM and
its promise for use in precision positioning applications are verified experimentally.
INDEX TERMS Motion control, planar motor, precision positioning, switched reluctance motor.

I. INTRODUCTION

Precision positioning is playing an increasingly crucial role in
various fields, such as semiconductor lithography, microscale
manufacturing, and high-precision machining [1], [2].
Conventionally, positioning devices achieve translational
motion by means of a rotary motor operating in combination
with a mechanical transmission, such as a lead screw and
gear [3]. However, such devices inevitably suffer from backlash, stick-slip motion, complicated structures, a need for frequent maintenance, and high costs [4], [5]. Multiple stacked
linear motors can also be employed in positioning devices
[6], [7]. Despite its simpler structure and lower cost, such
a stacked configuration is nevertheless somewhat complex,
with a heavy moving mass, low stiffness, and mechanical
The associate editor coordinating the review of this manuscript and
approving it for publication was Kan Liu.
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coupling [8], [9]. These disadvantages may be overcome
by using a planar motor. Planar motors achieve translational motion directly through electromagnetic energy,
without requiring a mechanical transmission or stacked configuration [10]. Planar motors are simple, with light moving
masses, low cost, low friction, high precision, and fewer
interfering factors, which are very attractive advantages for
precision positioning devices [11], [12].
Planar motors can be categorized into four primary types:
variable reluctance, permanent magnet, induction, and direct
current (DC) [13], [14]. Regarding variable-reluctance-type
planar motors, Sawyer [15] developed a Sawyer motor
in 1968, which was the first planar motor, and Pan et al. [13]
developed the first planar switched reluctance motor (PSRM)
in 2005. Several permanent-magnet-type planar motors have
also been developed, including the synchronous permanent
magnet planar motor designed by Zhang et al. in 2013 [14]

2169-3536 2019 IEEE. Translations and content mining are permitted for academic research only.
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and the new planar flux-switching permanent magnet motor
designed by Hu et al. in 2018 [16]. Regarding induction-type
planar motors, Fujii and Fujitake [17] developed such a motor
with a toroidal core for two-dimensional motion in 1999, and
Treviso et al. [18] developed an induction-type planar actuator for surface inspection in 2015. Among DC-type planar
motors, Jung and Baek [19] developed a planar motor using
direct-drive DC coils and permanent magnets in 2002, and
Kou et al. [20] developed a Lorentz-force-driven DC planar
motor in 2011.
The PSRM is a type of variable-reluctance planar motor
that is a promising candidate for use in precision positioning
devices by virtue of its various advantages compared to other
kinds of planar motors, as listed below [21]–[23].
1) The PSRM is based on the switched reluctance principle and has very few mechanical components; consequently,
it has a simple structure and is easy to manufacture.
2) In view of the limited supply of permanent magnets,
the PSRM is relatively low in cost and environmentally
beneficial.
3) The stroke of the PSRM is simple to extend and, theoretically, can be extended to infinity since the planar dimensions
of the stator platform can be easily and infinitely enlarged.
Thus, long-stroke motion can be easily realized with the
PSRM.
4) The virtually decoupled two-dimensional (2-D) motion
and the absence of any positioning error due to a mechanical
transmission make the PSRM very suitable for achieving
precision positioning.
Long-stroke precision positioning devices are required in
specific precision positioning applications [24], [25]. Considerable research has been focused on developing long-stroke
planar motors to facilitate industrial precision positioning
applications. It has been reported that the Sawyer motor is the
only type of planar motor that has been commercialized [26].
H2W Technologies manufactures a commercial air-bearing
Sawyer motor with a planar stroke up to 1.0 m × 1.5 m,
which can achieve motion in microsteps of 1 µm [27]. Planar
Motor Incorporated manufactures magnetically suspended
planar motors with a planar stroke in the centimeter range
and a repeatability of 1 µm for conveying systems [28].
Zhu et al. [29] developed a magnetically suspended positioner
using a permanent magnet planar motor; this positioner had a
root-mean-square error of approximately 50 nm for tracking
a series of steps of 200 nm. Jung and Baek [19] developed
a magnetically suspended planar system employing a DC
planar motor that exhibited a repeatable accuracy of approximately 500 nm with a planar stroke of 32 cm × 32 cm.
Pan and Cheung [30] designed a mechanical bearing PSRM
that achieved a steady-state error of ±2 µm for step responses
with an amplitude of 20 mm; this PSRM had an actual planar
stroke of 100 mm × 180 mm.
From the work summarized above, it can be concluded that
the reported positioning accuracy of contact-type PSRMs is
lower than that of the contact-free Sawyer, permanent magnet, and DC planar motors. This is because nonlinear friction
VOLUME 7, 2019

is inevitably a major source of positioning error for a contacttype PSRM. From the current state of the art in PSRMs, it is
evident that very little research has been performed seeking
to eliminate the friction in the existing PSRMs. Additionally,
it is challenging to achieve precision motion with a PSRM
due to its high nonlinearity and large force ripple. However,
this issue can be effectively overcome by adopting an optimal
motor design and an effective control strategy.
An effective control strategy for trajectory tracking is an
important requirement for motion systems to achieve precision tracking performance [6], [31], [32]. Dulger et al. [31],
Halicioglu et al. [32] designed a proportional-integralderivative (PID) controller, a cascade feedforward controller,
a particle swarm optimization-based neural network controller, a back-propagation controller, and other controllers
for servo systems to achieve high tracking performance.
In addition to these controllers, a compensation control
method has been proposed to improve tracking performance [33]. Yao et al. [34] proposed a LuGre-model-based
friction compensation method for hydraulic actuators with
the goal of effectively eliminating friction to achieve precision tracking performance. Such an effective friction compensation control strategy is an attractive means of improving
the motion precision of contact-type PSRMs.
This paper presents a long-stroke contact-type PSRM
that is designed to achieve higher positioning accuracy for
positioning applications. A motor design is presented and
analyzed considering both electromagnetic and mechanical
performances. Then, a control scheme with nonlinear friction
compensation to eliminate the negative effects of friction is
proposed and analyzed; this scheme is the first of its kind
for PSRMs. Finally, experimental results are reported and
analyzed. The main contributions of this study with respect to
the PSRMs reported to date are 1) the application of nonlinear
LuGre friction compensation to eliminate the negative effects
of friction to achieve higher positioning accuracy and 2) a
demonstration of precision positioning performance for a
long-stroke PSRM with mechanical bearings, illustrating the
promising possibility to achieve higher positioning performance for precision positioning applications using contactless bearings.

II. MOTOR DESIGN

A PSRM is designed on the basis of the previous PSRM
design presented in [30] for precision long-stroke positioning.
Fig. 1 shows the overall structure and the developed prototype
of the designed PSRM.

A. STATOR AND MOVER DESIGN
1) SELECTION OF THE DIMENSIONS

Consider a PSRM to be designed with a maximum singlephase thrust force fmax of 32 N, a maximum velocity vmax
of 1 m/s, and a maximum single-phase current of 10 A. Under
the assumption of zero friction, the maximum power
22977
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FIGURE 1. Overall structure and developed prototype of the designed PSRM.

By combining (6) and (7), the phase voltage is derived to be

capacity of one axis is
Pmax = fmax vmax

(1)

(2)

where p is the tooth width and s is the slot width.
The mover width is represented by
w = nτ − s

(3)

where n is the number of tooth pairs per mover.
The cross-sectional area of the air gap at the aligned position between the stator and mover is given by
Ag = nplm σ (1 + σ )−1

(4)

where lm is the stack length of the mover and σ is given by
σ = ps−1

(5)

If the flux leakage is neglected, the flux linkage at the
aligned position can be expressed as
La i = Bg Ag N

(6)

where La is the phase inductance at the aligned position, i is
the phase current, Bg is the average magnetic flux density in
the air gap, and N is the number of turns per phase.
At the maximum velocity, the change in the flux linkage
from the aligned position to the unaligned position is given
by
1ψ = (La − Lu )i = La (1 − λ−1 )i = u1t

(7)

where Lu is the phase inductance at the unaligned position,
u is the phase voltage, λ = La /Lu , and t is the time interval
over which the mover moves from the aligned position to the
unaligned position.
t is represented by
1t = 0.5τ v−1
max
22978

(9)

The maximum power capacity of one axis is [35]

The pole pitch of the stator and mover is expressed as
τ =p+s

u = 2τ −1 vmax (1 − λ−1 )Bg Ag N .

(8)

Pmax = Ke Kd ui = Ke Kd K1 K2 Ag Bg vmax A

(10)

where K1 = 2(n + nσ − −1)/(1 + σ ), K2 = 1–λ−1 , Kd is the
duty cycle of the motor, which is determined by the current
conduction position for each rising inductance profile, Ke is
the efficiency of the motor, which is usually in the range of
[0.65, 0.75] [35]; and A is the specific electric loading of the
mover, expressed in ampere conductors per meter.
A usually ranges from 25000 to 90000 A/m [36] and is
represented by
A = Niw−1 .

(11)

By combining (1), (10), and (11), the cross-sectional area
of the air gap can be expressed as
Ag = fmax vmax (Ke Kd K1 K2 Bg vmax Niw−1 )−1 .

(12)

From (4) and (12), the stack length of the mover is
lm = fmax vmax w(1 + σ )(Ke Kd K1 K2 Bg vmax Niσ np)−1 .

(13)

On the basis of Ampere’s circuital law, the number of turns
per phase is derived to be
−1
N = (Ha la + 2gBg µ−1
0 )i

(14)

where Ha , µ0 , la , and g are the average magnetic field strength
in the silicon steel, the permeability of air, the average length
of the magnetic path along the stator and mover, and the
length of the air gap, respectively.
2) DETERMINATION OF THE DIMENSIONS

The length of the air gap should be as small as possible to
maximize the average force while respecting the manufacturing tolerance [37]. The length of the air gap is therefore
selected to be g = 0.3 mm. Regarding the specific velocity,
VOLUME 7, 2019
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a smaller pole pitch leads to a shorter motion period, resulting
in a decreased force ripple. A smaller pole pitch also leads to a
smaller thrust force. In addition, to ensure that the three-phase
movers are evenly distributed at positions within the pole
pitch, the pole pitch should be a multiple of 3. Hence, the pole
pitch is chosen to be τ = 7.2 mm instead of the pole pitch
of 9 mm chosen for the previous PSRM. Regarding the specific volume of the motor, the distribution of the force on each
tooth of each mover becomes more uniform as the number of
tooth pairs per mover increases, resulting in a reduced force
ripple. However, increasing the number of tooth pairs per
mover increases the complexity of the structure and makes
manufacturing more complicated.
The number of tooth pairs per mover is thus selected to be
n = 3 instead of n = 2, as in the previous PSRM.
From (2), the tooth width and slot width are calculated to
be p = 3.6 mm and s = 3.6 mm, respectively. From (3),
the mover width is calculated to be w = 39.6 mm. The
mover height is reasonably selected to be h = 36.0 mm.
Accordingly, the average length of the magnetic path along
the stator and mover can be derived to be la = 145.1 mm.
On the basis of the B-H characteristics of the silicon steel and
the air gap under the maximum current, the average magnetic
flux density in the air gap and the average magnetic field
strength in the silicon steel are selected to be Bg = 1.5 T
and Ha = 5000 A/m, respectively. The parameters Ke and Kd
are set to be Ke = 0.7 and Kd = 1, respectively.
From (14), the number of turns per phase is calculated to be
N = 145 turns. Additionally, the stack length of the mover is
deduced to be lm = 42.3 mm from (13).
Based on the determined dimensions of the stator and
mover, a three-dimensional static finite element model (FEM)
of the stator sets and three-phase movers on one axis was
established using ANSYS R software. A certain phase was
energized by a constant current for several current values
in intervals of 1 A. For each constant current, the singlephase thrust force and normal force were calculated at various
positions under a pole pitch of 7.2 mm using the finite element
method. The single-phase thrust force and normal force are
plotted versus the current, which ranges from 1 to 10 A,
and versus the position, which ranges from 0 to 7.2 mm,
in Figs. 2(a) and 2(b), respectively. The maximum thrust force
and maximum normal force are 34.1 and 380.1 N, respectively, for single-phase excitation. Hence, the generated thrust
force satisfies the design requirement of a maximum thrust
force of 32 N.
B. MOVING PLATFORMS DESIGN

The geometry of the moving platforms is designed to reduce
the platform deformation compared with the previous PSRM.
Because the largest deformation occurs on the y-axis moving
platform, this platform is the main focus of the design.
Using the finite element method based on ANSYS R ,
a static structural analysis of the moving platforms was performed under the most extreme conditions, in which four
normal forces of 400 N, slightly larger than the maximum
VOLUME 7, 2019

FIGURE 2. (a) Thrust force and (b) normal force of the PSRM obtained
from FEM and experimental measurement.

normal force, act on four movers, since the maximum number
of excited phases is two on each axis.
The dimensions of the x-axis moving platform in the previous design are indicated in Fig. 3(a). Fig. 3(b) presents the
dimensions of the newly designed x-axis moving platform,
which has a mass of 5.7 kg. Under the most extreme conditions, the maximum deformation of the previous platform
is 0.01612 mm, whereas the maximum deformation of the
newly designed platform is 0.00405 mm, corresponding to a
reduction of 74.9%.
Fig. 3(c) shows the dimensions of the sliding plate of the
y-axis moving platform in the previous design. The dimensions of the newly designed sliding plate of the y-axis moving
platform are presented in Fig. 3(d). An enhanced stiffening rib
is applied, reducing the maximum sliding plate deformation
from 0.12636 mm for the previous platform to 0.03418 mm
for the newly designed platform, a decrease of 72.5%.
Under single-phase excitation, the theoretical maximum
velocities of the x- and y-axes are 1.01 and 0.89 m/s, respectively. The maximum velocity is thus higher than 1.01 m/s
under two-phase excitation. The designed moving platforms
satisfy the requirement of a maximum velocity of 1 m/s.
III. CONTROL STRATEGY
A. CONTROL SCHEME

Fig. 4 shows the block diagram of the proposed PSRM control scheme. Nonlinear friction estimation is introduced into
the conventional 2-D motion control scheme; the estimated
friction is used to counteract the actual friction, and thus,
the position error caused by friction can be effectively eliminated by means of suitable control action. For the l-axis
(l = x or y) of the PSRM, el is the position error
between the desired position pl_ref and the detected position pl (pl ≈ actual positionpl_real ); ul_c is the thrust
force command; f ∗l_f is the estimated friction; fl∗ is the
22979
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A proportional-derivative (PD) position controller is used
to issue the thrust force command to the PSRM system. The
control law of the controller, i.e., the thrust force command,
is
(15)

ul_c = kl_p el + kl_d ėl

where kl_p > 0 and kl_d > 0 are the proportional and
derivative parameters, respectively, of the PD controller.
B. NONLINEAR FRICTION COMPENSATION

The l-axis mechanical movement can be expressed as
Ml p̈l = fl − fl_f − fl_d

(16)

where Ml , pl , fl , fl_f , and fl_d are the mass of the moving
platform, the position, the thrust force, the friction, and the
external load force, respectively, on the l-axis.
The desired thrust force fl∗ consists of two components,
namely, a thrust force command ul_c and an estimated fric∗ , it is expressed as
tion fl_f
∗
fl∗ = ul_c + fl_f
.

(17)

By substituting (17) into (16) and neglecting the external
load force, the mechanical movement equation can be written
as
∗
Ml p̈l = ul_c + fl_f
− fl_f .
FIGURE 3. Dimensions of (a) the previous designed x-axis moving
platform, (b) newly designed x-axis moving platform, (c) previous
designed sliding plate, and (d) newly designed sliding plate.

∗ , f ∗ , and f ∗ are the desired threedesired thrust force; fl_a
l_c
l_b
∗
phase thrust forces; il_a , i∗l_b , and i∗l_c are the desired threephase currents; and il_a , il_b , and il_c are the detected
three-phase currents.

(18)

∗ ≈ f ,
If the friction is estimated very accurately, i.e., fl_f
l_f
then the PSRM will behave like a frictionless motor, meaning
that the l-axis transfer function can be expressed as

Gl (s) =

k
Ml s2

(19)

where k is a constant coefficient.

FIGURE 4. Block diagram of the proposed PSRM control scheme.
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The LuGre friction model [33], [34] is applied to represent
the nonlinear friction of the PSRM. Thus, the l-axis friction
is given by
fl_f = σl_0 zl + σl_1 żl + σl_2 ṗl
|ṗl |
żl = ṗl −
zl
g (ṗl )
g (ṗl ) =

1
σl_0

(20)
(21)


fl_c + fl_s − fl_c e


− ṗl v−1
l_s

2 !

(22)

where σl_0 , σl_1 , and σl_2 are the friction parameters on the
l-axis; zl is the l-axis internal friction state which cannot be
directly measured by sensors; fl_s is the l-axis stiction force;
fl_c is the l-axis Coulomb friction; vl_s is the l-axis Stribeck
velocity; and (22) is greater than zero.
∗ is given by
The estimated friction fl_f
∗
fl_f
= σl_0 z∗l + σl_1 ż∗l + σl_2 ṗl
|ṗl | ∗
ż∗l = ṗl −
z + Kl
g (ṗl ) l

(23)
(24)

where z∗l is the estimated l-axis internal friction state and Kl
is the l-axis adaptive regulation term for the estimation.
By using Lyapunov stability theory, the adaptive regulation
term Kl of the proposed control scheme is deduced to be

ul_c Ml p̈l − ul_c

.
(25)
Kl =
σl_1 |ṗl |
σl_1 ul_c + el kl_d g(ṗ
−
σ
l_0
l)
C. STABILITY ANALYSIS

By substituting (20) and (23) into (16) and combining (21),
(22), and (24), the mechanical movement equation can be
rewritten as
σl_1 |ṗl |
el_z + σl_1 Kl (26)
Ml p̈l = ul_c − σl_0 el_z +
g(ṗl )
where el_z is the error on the internal friction state and is given
by
el_z = zl − z∗l .

(27)

From (26), the error on the internal friction state is derived
to be
Ml p̈l − ul_c − σl_1 Kl
σl_1 |ṗl |
el_z =
,
6 = σl_0 . (28)
σl_1 |ṗl |
g (ṗl )
g(ṗl ) − σl_0

When σl_1 |ṗl | g (ṗl ) = σl_0 , let σl_0 = σl_0 + ρ
(where ρ is a parameter with a very small value), such that,
σl_1 |ṗl | g (ṗl ) 6 = σl_0 for all operating condition.
By subtracting (24) from (21), the derivative of el_z is
found to be
|ṗl |
ėl_z = −
el_z − Kl .
(29)
g (ṗl )
A function is defined for the PSRM control system as
follows:
 1
F el , el_z = e2l e2l_z .
(30)
2
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The derivative of the function F is deduced to be
Ḟ(el , el_z )
= el ėl e2l_z + e2l el_z ėl_z




kl_p
|ṗl |
ul_c
−
el + e2l el_z −
el_z − Kl
= el e2l_z
kl_d
kl_d
g(ṗl )


kl_p
|ṗl |
u
l_c
e2 e2 +
=−
+
el e2 − Kl e2l el_z .
kl_d
g(ṗl ) l l_z kl_d l_z
(31)
For kl_p > 0, kl_d > 0, g (ṗl ) > 0, and Kl as formulated
in (25), the derivative of the function F is



kl_p
|ṗl |
+
e2 e2 ≤ 0.
(32)
Ḟ el , el_z = −
kl_d
g (ṗl ) l l_z
Under the condition of el = 0, according to (25), the
adaptive regulation term Kl can be expressed as
Kl =

Ml p̈l − ul_c
.
σl_1

(33)

Then, from (28), el_z is derived to be
el_z = 0.

(34)

Under the condition of el_z = 0, according to (26),
the adaptive regulation term Kl can be expressed as shown
in (33); then, from (25), el is derived to be


σl_1 |ṗl |
el kl_d
− σl_0 = 0.
(35)
g (ṗl )

Since σl_1 |ṗl | g (ṗl ) 6 = σl_0 ,
el = 0.

(36)

Therefore, if el = 0, then el_z = 0, and if el_z = 0, then
el = 0. Let β = el el_z ; then, β = 0 only under the condition
that el = 0 and el_z = 0, i.e., β → 0 as el → 0 and el_z → 0.
A positive-definite function is defined for the PSRM control system as follows:
1 2
β .
(37)
2
According to (30), (32), and (37), the derivative of the
positive-definite function V is


kl_p
|ṗl |
V̇ (β) = −
+
β 2 ≤ 0.
(38)
kl_d
g (ṗl )
V (β) =

According to the Lyapunov global asymptotic stability
theorem, every trajectory β(t) converges to zero as t →0 for
the following reasons: 1) V (β) is positive definite and
2) V̇ (β) < 0 for all β 6 =0 and V̇ (0) = 0. Since β → 0
as el → 0 and el_z → 0, the PSRM system is globally
asymptotically stable.
D. ANALYSIS OF CONTROL PERFORMANCE

For kl_p > 0, kl_d > 0, and Kl as given in (25), the PSRM
system is stable with the proposed control scheme; the
l-axis transfer function of the stable PSRM system can be
approximately described as shown in (19).
22981
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1) SPEED OF RESPONSE

The crossover frequency of the l-axis open loop transfer
function of the stable PSRM system is
q
 21

2 + k 4 k 4 + 4M 2 k 2 k 2
k 2 kl_d
l
l_p
l_d
 . (39)
ωl_c (s) = 
2
2Ml
The crossover frequency ωl_c of the open-loop transfer
function is proportional to the bandwidth frequency of the
closed-loop transfer function, which is proportional to the
speed of the response. From (39), it can be concluded that
the mass Ml of the l-axis moving platform is inversely proportional to the response speed.
E. STEADY STATE ERROR

By using the static error coefficient method, it can be seen
that as time approaches infinity, the l-axis steady-state errors
of the stable PSRM system for step, ramp, and acceleration
inputs theoretically approach

for pl_ref = R 6 = 0

0,

0,
for pl_ref = Rt
(40)
el_ss =

2M
R
l

2

, for pl_ref = Rt
kkl_p
The l-axis steady-state error of the stable PSRM system
with respect to a sinusoidal input can be derived to be
el_ss = Am sin (ωt + θ) ,

for pl_ref = Bm sin (ωt)

(41)

where ω > 0, Bm > 0, and Am and θ are given by
Ml ω2 Bm
,
2
2 − kk
2k 2k 2
Ml ω
+
ω
l_p
l_d


ωkkl_d
θ = arctan
.
Ml ω2 − kkl_p

Am = q

(42)

As seen from (40) to (42), a larger Ml leads to a larger
steady-state error; in addition, larger R and Bm values result
in a larger steady-state error. Thus, the steady-state error of
a lighter moving platform is generally smaller than that of
a heavier one, and a longer stroke results in a larger steadystate error. It can be concluded that high precision and a long
stroke are difficult to achieve simultaneously for the motion
of the PSRM.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. EXPERIMENTAL RESULTS

An experimental setup for testing the PSRM control system was established as shown in Fig. 1. Two
Renishaw R TONICTM high-precision linear optical encoders
with a resolution of 50 nm were used to detect x- and y-axis
positions. Six Advanced Motion Controls R 50A20 PWM
(pulse width modulation) servo drives were employed to provide DC currents to energize six-phase windings. dSPACE R
modular hardware was also applied in the system, including a DS1005 PPC (PowerPC) board with a PowerPC
750GX processor running at 1 GHz, a DS3001 incremental
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encoder interface board with a maximum input frequency
of 1.25 MHz, a DS2003 A/D (analogue-to-digital converter) board, and a DS2103 D/A (digital-to-analogue converter) board. The control algorithm was developed based on
MATLAB R /Simulink software and was downloaded to the
dSPACE R modular hardware to implement real-time control. The sampling time of the control algorithm was 0.5 ms.
In (19), k = 1000 mm/m, Mx = 5.9 kg, and My = 13.9 kg.
Figs. 2(a) and 2(b) depict the experimentally measured
single-phase thrust force and normal force of the PSRM.
The mean relative errors between the experimental and FEM
values of the thrust force and normal force are in the ranges
of [0.03%, 11.11%] and [0.65%, 2.82%], respectively. For the
thrust force, the mean relative errors are 11.11% at the aligned
and unaligned positions and are less than 1.89% at other positions. At the aligned and unaligned positions, the theoretical
thrust force is 0 N, whereas the measured thrust force is a
near-zero value with some measurement uncertainty. Thus,
the mean relative errors on the thrust force are slightly large
at the aligned and unaligned positions. As seen from Fig. 2,
the experimentally measured thrust force and normal force
coincide with the FEM results.
As seen from Fig. 2, the amplitudes of the single-phase
thrust force and normal force are in the ranges of [0, 38.4]
and [0, 427.4] N, respectively. The amplitude of the thrust
force for two-phase excitation lies in the range of [0, 43.1] N.
Therefore, the theoretical maximum x- and y-axis accelerations are 7.31 and 3.10 m/s2, respectively, and the theoretical maximum velocities of the x- and y-axes are 1.58 and
1.34 m/s, respectively.
For various types of uniform motion of the PSRM control
system on the l-axis, the velocities and friction forces without
friction compensation were experimentally estimated; using
these estimated velocities and friction forces, the parameters
fl_c ,fl_s , vl_s , and σl_2 were identified via curve fitting and
the method of least squares. For motionless operation of
the PSRM open-loop system on the l-axis under a ramp
signal with a reference thrust force that was less than the
stiction force fl_s , the preparatory displacement without friction compensation was experimentally estimated; using the
estimated preparatory displacement, the parameters σl_0 and
σl_1 were estimated using curve fitting and the method of least
squares. Then, an l-axis LuGre friction model was built using
the estimated parameters fl_c , fl_s , vl_s , σl_0 , σl_1 , and σl_2 .
According to the experimental results, the estimated x-axis
friction can be expressed as
fx∗f = 118913.2532z∗x + 1162.3000ż∗x + 10.3128ṗx (43)
|ṗl | ∗
z + Kx
(44)
ż∗x = ṗx −
g (ṗx ) x
1
g(ṗx ) =
118913.2532
h
i
ṗx
2
× 0.2399 + (3.5908 − 0.2399)e−( 0.0436 )
(45)
where the x-axis stiction force and the x-axis Coulomb
friction are 3.5908 and 0.2399 N, respectively.
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The estimated y-axis nonlinear friction is given by
fy∗f = 84737z∗y + 1493.5ż∗y + 25.8778ṗy
ż∗y = ṗy −
g(ṗy ) =

ṗy
g ṗy

1
84737


(46)

 z∗y + Ky

(47)

ṗy

× 0.8179 + (4.3917 − 0.8179)e−( 0.0222 )

2


(48)

where the y-axis stiction force and the y-axis Coulomb friction are 4.3917 and 0.8179 N, respectively.
Using the PSRM control system, a tracking test for a
circular trajectory with a radius of 15 mm was performed
with and without nonlinear friction compensation. The x- and
y-axis tracking errors are presented in Fig. 5. At the 90 s time
point, nonlinear friction compensation began to be applied
to the system. Without nonlinear friction compensation, the
x- and y-axis tracking errors are within ±20.5 and ±17.4 µm,
respectively. With nonlinear friction compensation, the
x- and y-axis tracking errors are within ±10.4 and ±11.6 µm,
respectively. From Section III-D, it is apparent that the
steady-state error of the lighter, x-axis platform is generally
smaller than that of the heavier, y-axis platform. Hence, these
results are consistent with the control performance analysis. The nonlinear friction compensation reduces the x- and
y-axis tracking errors by 49.3% and 33.3%, respectively.
These results demonstrate the effectiveness of the PSRM
system with the proposed control scheme.
To verify the positioning accuracy of the PSRM system
with the proposed scheme, point-to-point trajectory tracking
and continuous trajectory tracking tests were performed. The
current command and thrust force command were limited to
10 A and 40 N, respectively. Based on the position detected
by the linear optical encoder, the velocity and acceleration
were estimated via numerical differentiation. The PD control parameters are listed in Table I. For tracking different
trajectories, an optimization simulation of the PSRM control
system with the PD controller was built to identify the optimal
kl_p and kl_d values using a simplex algorithm based on
MATLAB R /Simulink. The obtained optimal kl_p and kl_d
values were then applied in the actual PSRM control system.
The kl_p and kl_d values listed in Table I are those obtained

FIGURE 5. (a) x- and (b) y-axes tracking errors of the PSRM system with
and without nonlinear friction compensation.

after correction during the experiment to achieve satisfactory
control performance.
Fig. 6 shows the response for a trapezoidal trajectory with
a maximum travel range of 290 mm for the y-axis, where
ky_p = 987.0 and ky_d = 1.60. The response for a staircase
trajectory with a step size of 50 mm is depicted in Fig. 7 for
the y-axis, where ky_p = 800.0 and ky_d = 1.23. For
both motions on the y-axis, the steady-state errors are within
±1.6 µm; the observed velocities and accelerations are in
the ranges of [−0.14, 0.15] m/s and [−3.06, 1.66] m/s2,
respectively. The observed velocities and accelerations are
smaller than their theoretical maximum values.
Planar motions were implemented for tracking a rhombic
trajectory and a pentagonal trajectory, as shown in Fig. 8.
For the rhombic trajectory, kx_p = 400.0, kx_d = 1.48,
ky_p = 501.6, and ky_d = 1.57. For the pentagonal trajectory,
kx_p = 200.3, kx_d = 1.53, ky_p = 280.5, and ky_d = 1.08.
For both motions, the frequency was 1/3 Hz. For the rhombic
and pentagonal trajectories, the tracking errors are within
±18.2 and ±56.8 µm, respectively; again, the observed
velocities and accelerations are smaller than their theoretical
maximum values.
B. DISCUSSION

For the PSRM, the steady-state error is 1.5 µm for translational motion with a travel range of 290 mm, and the

TABLE 1. Parameters of the PD control and position error of the PSRM system.
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FIGURE 7. (a) Position trajectory, (b) velocity, (c) position error, and (d)
acceleration for staircase-trajectory responses with a step size of 50 mm.

FIGURE 6. (a) Position trajectory, (b) velocity, (c) position error,
(d) acceleration, (e) ixa , (f) ixb , and (g) ixc for trapezoid-trajectory
responses with a travel range of 290 mm.

tracking error is within ±56.8 µm for continuous trajectory
tracking with a motion range within 60 mm. For comparison, the steady-state error of the previous PSRM reported
22984

in [26] is within ±2 µm for translational motion with a
travel range of 20 mm, and the tracking error of the previous
PSRM reported in [16] is within ±500 µm for continuous
trajectory tracking within a motion range of 40 mm. Therefore, compared to previously reported PSRM performance,
the steady-state error of the PSRM developed in this study
is effectively reduced, which is significantly beneficial for
positioning applications. The improved positioning performance can be mainly attributed to the following two factors:
1) the improved motor design effectively reduces the force
ripple and deformation, and 2) the negative effects of friction
are effectively eliminated by the control strategy based on
nonlinear friction compensation. The experimental results
reported here illustrate the promising precision positioning
capability of the proposed PSRM.
The steady-state error of the PSRM mainly originates from
the limited time and current available in practice, the limited
resolution of the linear optical encoder, machining error, current and force ripples, and friction estimation error. Machining error, time and current limitations, and encoder resolution
limitations are unavoidable in a PSRM, whereas the current
and force ripples can be reduced by means of an improved
motor design or an effective control strategy. By applying an
VOLUME 7, 2019
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effective control strategy or contactless bearings, the steadystate error caused by friction in a PSRM can be effectively
eliminated.
V. CONCLUSION

This paper presented the design, control, and performance of
a long-stroke PSRM for precision positioning applications.
The proposed PSRM has a planar stroke of 170 mm ×
290 mm. Its steady-state error for translational motion with
a travel range of 290 mm is ±1.5 µm. The proposed control
scheme was experimentally verified, as were the effectiveness
of the developed precision long-stroke PSRM and its promise
for application in precision positioning devices. In addition,
the positioning performance of the PSRM could be effectively
improved by using contactless bearings. To further facilitate
the application of PSRMs for precision positioning, the development of a contact-free PSRM will be a significant focus of
future work.
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